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ABSTRACT: This study presents a technique to directly
characterize the carbon and binder domain (CBD) in lithium-ion
(Li-ion) battery electrodes in three dimensions and use it to
determine the eﬀective transport properties of a Li-
Ni0.33Mn0.33Co0.33O2 (NMC) electrode. X-ray nanocomputed
tomography (nano-CT) is used to image an electrode composed
solely of carbon and binder, whereas focused ion beam−scanning
electron microscopy is used to analyze cross-sections of a NMC
electrode to gain morphological information regarding the
electrode and CBD porosity. Combining the information gathered
from these techniques reduces the uncertainty inherent in segmenting the nano-CT CBD data set and enables eﬀective
diﬀusivity of its porous network to be determined. X-ray microcomputed tomography (micro-CT) is then used to collect
a NMC data set that is subsequently segmented into three phases, comprised of active material, pore, and CBD. The eﬀective
diﬀusivity calculated for the nano-CT data set is incorporated for the CBD present in the micro-CT data set to estimate the
ensemble tortuosity factor for the NMC electrode. The tortuosity factor greatly increases when compared to the same data set
segmented without considering the CBD. The porous network of the NMC electrode is studied with a continuous pore size
distribution approach that highlights median radii of 180 nm and 1 μm for the CBD and NMC pores, respectively, and with a
pore throat size distribution calculation that highlights median equivalent radii of 350 and 700 nm.
KEYWORDS: Li-ion batteries, lab-based X-ray computed tomography, carbon binder characterization, porous materials,
multiscale image-based modeling
1. INTRODUCTION
Li-ion batteries have emerged as the preferred choice for energy
storage applications that require high energy and power
densities, such as consumer electronics and electric vehicles
(EVs).1 However, signiﬁcant advances are still required in
performance, safety, and lifetime to enable greater penetration of
EVs into the market.
The performance of a Li-ion battery is intrinsically linked to
the microstructure of its electrodes. The electrochemical
reactions within these devices occur in porous electrodes
comprised of active material particles, typically a transitionmetal
oxide, mixed with conductive carbon and binder and coated on a
metallic current collector.2 The conductive carbon and binder
forms a porous network around the active material particles,
known collectively as the CBD. Themain function of the CBD is
to aid electrical conduction from the current collector to the
active material particles, while the binder ensures structural
integrity and good electrical contact of the electrode through
adhesion with the current collector.2 At the same time, ionic
conduction occurs through the electrolyte-ﬁlled pore space and
within each of the active particles.3
Commonly studied metrics, such as porosity and tortuosity,
are fundamental for a thorough understanding of how diﬀerent
species travel within electrodes, and these are governed not only
by the chemical properties of the speciﬁc material but also by the
morphology of the medium they are traveling through.4 The
tortuosity factor, for example, allows the relationship between
morphology and the eﬀective ionic diﬀusivity of the electrode
pore network to be investigated. Throughout the past few
decades of battery research, there has been growing interest in
battery modeling as a tool to describe the operation and
performance of Li-ion batteries. The Newman model, ﬁrst
proposed by Newman et al., was based on the assumption of
spherical electrode particles and 1D transport of Li ions and
electrons and has emerged as a prominent way to model battery
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performance.5 These macro-homogeneous models often make
empirical assumptions on eﬀective transport parameters such as
the Bruggeman correlation, relating the tortuosity of an
electrode to its porosity. However, there are signiﬁcant
limitations inherent in these models, as they do not account
for heterogeneities that can lead to accelerated degradation,
where variations in local tortuosity may result in diﬀerent states
of charge (SoC) throughout the electrode.6
A range of novel microstructural characterization techniques,
such as scanning electron microscopy (SEM),7−9 focused ion
beam−SEM (FIB-SEM),10−13 electrochemical strain micros-
copy,14−16 and X-ray computed tomography (X-ray CT),17−21
have been applied to investigate the structure−property
relationships of electrode materials, in order to improve the
understanding of the impact of electrode microstructure on the
performance of electrochemical devices as a whole. In particular,
X-ray CT has emerged as a versatile, nondestructive, multi-
length scale tool that has been used for a variety of studies that
range from the observation of degradation-related phenom-
ena22,23 to the characterization of various electrode micro-
structures24,25 and how these aﬀect the overall performance of
the battery.
X-ray CT operates by analyzing the attenuation caused by a
sample to an incident X-ray beam.26,27 The extent of X-ray
attenuation is highly dependent on the atomic number or
density of the imaged material, leading to an inherent limitation
of this technique in characterizing low-Z materials such as the
CBD in Li-ion electrodes. The contrast ratio resulting from
disparate X-ray attenuation obtained by adjacent phases of very
diﬀerent densities renders low-attenuating materials such as the
CBD indiscernible in the ﬁnal image. Due to this, the CBD has
been segmented as a completely porous phase in the majority of
recent related studies.19,25,28−30 While general observations can
be made regarding transport parameters within an electrode,
assuming that the entirety of the inactive phase acts as a porous
pathway signiﬁcantly lowers the measured tortuosity factor.
The CBD has previously been visualized or modeled in three
dimensions via a combination of X-ray CT, FIB-SEM, and
computational modeling.31,32,11 The ﬁrst attempt by Hutzen-
laub et al. segmented a previously collected FIB-SEM data set of
a lithium cobalt oxide (LCO) electrode in three phases,
highlighting the diﬀerence in measured transport properties
when the CBD is taken into consideration. Zielke et al. inscribed
a “virtual” CBD within the pore space segmented from a micro-
CT data set of an LCO electrode using two diﬀerent models,
namely, a random cluster model and a ﬁber model.33 A later
study by Zielke et al. takes the previous work one step further by
stochastically modeling the CBD based on seven slices of a FIB-
SEM data set and imposing this on a larger micro-CT volume of
the same electrode.34 Despite the high spatial resolution
achievable with FIB-SEM, its destructive nature and the
laborious and lengthy acquisition process poses a limit in
collecting a data set that can be deemed representative.
To further improve the understanding of the role that the
inactive phase plays within an electrode, novel methods are
required to acquire representative data sets to model the carbon
and binder accurately. To this end, this work proposes, for the
ﬁrst time to the authors’ knowledge, a method to directly image
the CBD with lab-based Zernike phase contrast X-ray nano-CT.
This technique couples sub-micrometer resolution with large
analyzable subvolumes (ca. 2.6 × 104 μm3) obtainable in a fast
and high-throughput workﬂow. The porosity and eﬀective
diﬀusivity of the CBD was computationally determined from a
nano-CT data set and superimposed onto amicro-CT data set of
a lithium nickel manganese cobalt oxide (NMC) electrode to
study how the transport properties and pore size distributions
are aﬀected by the inclusion of the CBD. FIB-SEM is also used to
reduce the uncertainty relative to the data analysis by oﬀering a
ground-truth segmentation that conﬁrms the calculated
porosity.
Transport parameters, such as the tortuosity factor, were
calculated with the MATLAB plugin TauFactor,35 which solves
the steady-state diﬀusion equation between two Dirichlet
boundary conditions in a binarized volumetric data set. This
allows for an eﬀective diﬀusion coeﬃcient, Deff, to be calculated,




where D is the intrinsic diﬀusivity of the relevant transporting
phase; Deff is the eﬀective diﬀusivity through the porous volume
of interest; ϕ is the volume fraction of the conductive phase of
interest; and the tortuosity factor,35 τ, is determined by
comparing the steady-state diﬀusive ﬂow in a fully porous
control volume to that obtained in a porous network with the
same diﬀusivity and size. As the diﬀusive ﬂow considered in this
work is occuring exclusively via the porous network, ϕ will be
replaced by the porosity ε in all following tortuosity equations.
Since the diﬀusivity for the pores in this study is set arbitrarily
to Dpore = 1 m
2 s−1, a dimensionless diﬀusivity D* is deﬁned as
presented in eq 2:
ε
τ
* = =D D
Dbulk (2)
The work presented here combines high-resolution FIB-SEM
data with more representative nano-CT data by relying on
microstructural information directly collected from a carbon and
binder coating. While FIB-SEM can oﬀer a factor of ca. 5
improvement in resolution, nano-CT presents a higher
throughput and more repeatable technique for generating
representative CBD volumes. The synergetic application of
nano- and micro-CT with FIB-SEM oﬀers advantages on both
length scales. On the nano-scale, the combined use of these
techniques allows for an increased accuracy when determining
the porosity and reducing the uncertainty associated with
segmenting the data. On the micro-scale, FIB-SEM allows
drawing qualitative conclusions on the morphology and
distribution of macro-pores aiding in the segmentation of the
NMC data set in three phases.
A summary of this approach is detailed as follows:
(1) A pillar composed solely of carbon and binder was imaged
with Zernike phase contrast X-ray nano-CT and segmented over
a range of grayscale threshold values. The expected porosity of
the layer was determined from a priori mass loading calculation
and FIB-SEM slices. This was then used to determine the
porosity of the CBD by selecting the corresponding grayscale
value within a visually realistic range. The eﬀective diﬀusiv-
ity, Deff, was then determined by using TauFactor.
(2) Several trenches were milled into the NMC electrode
using FIB-SEM. From these, 12 slices imaging solely carbon and
binder were extracted and their average porosity was measured.
(3) X-ray micro-CT was used to image the full NMC
electrode, and the data set was segmented into two and three
phases: in the two-phase segmentation, the NMC particles are
segmented and the rest is treated as pore; in the three-phase
ACS Applied Energy Materials Article
DOI: 10.1021/acsaem.8b00501
ACS Appl. Energy Mater. 2018, 1, 3702−3710
3703
segmentation the particles were segmented separately from the
CBD andmacro-porous electrode porosity. Subsequently, a fully
internal volume was extracted, and the eﬀective diﬀusivity was
then determined by using TauFactor.
This workﬂow is represented schematically in Figure 1.
2. RESULTS AND DISCUSSION
First, we calculated the eﬀective diﬀusivity of the independent
CBD electrode. The nano-CT derived CBD data set was
threshold segmented with volume fraction information
extracted from higher resolution FIB-SEM imaging.
Figure 2 presents an example of a trench from which a
magniﬁed SEMmicrograph was obtained. A pixel size of 9.3 nm
Figure 1. Schematic illustrating the analysis workﬂow developed in this study. Imaging of the electrode disk solely composed from carbon and binder
was performed with nano-CT, while an NMC electrode was imaged in parallel using a combination of FIB-SEM and micro-CT. Finally, the
information from these routes was combined into a single numerical analysis.
Figure 2. (a) SEMmicrograph taken at 500× depicting two of the trenches milled into the NMC electrode. The yellow box depicts the area of focus of
the serial sectioning. (b) SEM micrograph taken at 4000× depicting the electrode with the green box outlining the CBD slice used successively. (c)
Closeup of the SEM micrograph in panel b. (d) Threshold segmentation of the image in panel c.
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proved suﬃcient to visualize the distribution of particles, pores,
and binder. Two porosity domains are identiﬁable from Figure
2b, namely, nano-scale CBD pores and electrode macro-pores
formed by gaps between particles. In the context of battery
operation, both length scales of porosity are thought to play an
important role.36 Larger pores are thought to be formed by both
gas bubbles trapped in the electrode slurry during drying and
also by the slurry itself stretching around particles that act as
ﬁxed points. The ﬁner CBD porosity is thought to be formed by
gaps between carbon clusters as well as ﬁner micro- and meso-
pores within the carbon particles that cannot be detected with
the FIB-SEM resolution. Both porosities are important as they
are responsible for providing pathways for Li-ion transport.
Furthermore, the larger pores are also thought to facilitate the
wetting of the electrode and active material.36,37
The green outline in Figure 2b displays an example of a CBD
region which is successively segmented with thresholding as
displayed in Figure 2c,d. A ﬁrst estimate of the CBDporosity was
obtained after thresholding 12 such CBD subsections into pore
and carbon, yielding an average porosity of 27 ± 3%.
Subsequently, a grayscale sensitivity analysis was performed
on the nano-CT CBD data to determine the best grayscale for
accurate porosity representation. The theoretical porosity of the
electrode was calculated by using eq 3:
ρ
ρ
ε = −1theoretical electrode
CB (3)
where ρelectrode is the measured density of the electrode
calculated from the mass of the electrode and ρCB is the
theoretical electrode density calculated from the density of all
the phases weighted by volume fraction. To calculate ρCB, the
density for C65 was assumed to be 0.16 g cm−3, which
corresponds to the density provided by manufacturer speciﬁca-
tion.38 This value accounts for the porosity intrinsic to the
carbon black particles that are below the spatial resolution of
nano-CT.39 From these calculations, we have found the
expected porosity to be 28% for the carbon and binder electrode.
An internal subvolume 16.7 × 40.6 × 38.9 μm3 was extracted
from the nano-CT data set; estimates of reasonable grayscale
threshold boundaries were obtained by visually identifying the
pores. The histogram in Figure 3b does not present a bimodal
distribution, therefore reinforcing the need for a sensitivity
analysis achieved by combining the FIB-SEM data as ground-
truth segmentation to determine the correct grayscale threshold
for segmenting the nano-CT data set. The reconstructed images
were 16-bit (i.e., 0−65535); however, the utilized range (i.e., the
range of values resulting from the reconstruction process
containing both the solid and pore phases) was approximately
18000−30000. Voxels at the boundaries between two phases
may belong tomore than a single phase due to the partial volume
eﬀect, as such there is always some uncertainty in segmenting the
interfacial regions between solid and pore. Hence a range of
“visually realistic” grayscale values is chosen between 21100 and
21600 via thresholding. Within these boundaries the calculated
porosity ranges between 31 and 27%.
The average value between the porosity calculated with the
FIB-SEM data and the theoretical porosity calculated for the
CBD was 28%. This is used to select a threshold value of 21200
for segmenting the carbon and binder data set resulting in a
segmented porosity of 27.6%, which is in agreement with the
previous considerations. These ranges can be viewed in Figure
3a. The resulting segmentation obtained on the carbon and
binder data set is presented in Figure 4 along with a 3D
visualization of the segmented carbon and binder electrode. The
value of D*eff was then calculated by running TauFactor on the
segmented data set and found to be ca. 0.05.
It is worth noting that the morphology of the CBD porous
network is highly dependent on the segmentation route chosen,
and this in turn has a considerable eﬀect on the diﬀusivity. This
multi-instrument approach, combined with a sensitivity analysis,
aims to address the uncertainties inherent in nano-CT when
approaching its resolution limit.
The value for D*eff calculated previously for the stand-alone
carbon and binder electrode was then used to determine the
eﬀective transport properties of the complete NMC electrode.
The dimensions are 190.2 × 428.5 × 34.9 μm3 (directions x, y,
and z, respectively) for the analyzed subvolume. The data set
was segmented by thresholding the active NMC, carbon, and
pore phases as shown in Figure 5. The calculated phase fractions
for the three phases were 50, 36, and 14% for the NMC, CBD,
and electrode macro-pores, respectively
TauFactor was run in all three directions with two input data
sets, namely, a two-phase and a three-phase segmentation. For
the two-phase segmentation, the active material particles were
segmented as shown in Figure 5 and the remaining pixels were
assigned to a pore phase. The input parameters for the bulk
diﬀusivities in TauFactor for this calculation were D*NMC = 0
and D*pore = 1. For the three-phase segmentation shown in
Figure 3. (a) Graph representing the variation in D*eff and porosity
according to chosen grayscale value calculated with TauFactor. The red
box indicates the threshold value chosen. (b) Overall histogram for the
carbon and binder data set.
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Figure 5b, two separate instances of TauFactor were run. In the
ﬁrst one, diﬀusion was only assumed to occur in the NMC
macro-pores, with the input parameters D*NMC = 0, D*CBD = 0,
and D*pore = 1. In the second instance, the diﬀusivity calculated
in the previous section is used as the input diﬀusivity for the
CBD. The input parameters used are D*NMC = 0, D*CBD = 0.05,
and D*pore = 1.
The three-phase calculation outputs an eﬀective diﬀusivity for
the analyzed volume based on the overall ﬂux through the
control volume. However, this calculation omits information
about the eﬀective porosity of the CBD. An overall ensemble
three-phase tortuosity factor for each direction can be calculated





where D*eff is the diﬀusivity obtained with the three-phase
calculation fromTauFactor for each direction and εtot is given by
the overall porosity of the electrode from the combination of the
CBD porosity and the NMC electrode porosity by using eq 5:
ε ε ε= + ϕtot NMC CBD CBD (5)
where εNMC is the NMC porosity, ϕCBD is the CBD volume
fraction, and εCBD is the CBD porosity calculated in the previous
section. All the resulting tortuosity factors are presented in
Figure 6.
From the graph in Figure 6, a considerable increase in the
tortuosity factor is observed when the CBD is considered and
these values are consistent with previously observed values in the
literature.31 When a constricting CBD is introduced, the
tortuosity increases considerably in all three directions and the
values are less uniform. From Figure 6, it is possible to deduce
that the extent to which Li+ ion diﬀusion is constricted depends
on the diﬀusion path and how this is aﬀected by the presence of a
hindering phase such as the CBD: for example the eﬀective
tortuosity factor is highest for direction x with a value of 7.8
where a combination of narrow diﬀusion pathways and
obstructing phases (CBD and NMC) results in high tortuosity.
The lowest value is of 4.6 in direction z, where the control
volume edge length is also the shortest. These results could
indicate that in the context of a thicker electrode, the spatial
distribution of active and inactive phases needs to be tailored to
obtain diﬀusion channels with a low tortuosity generated from a
combination of larger and smaller pores for Li+ ions to travel
throughout. When diﬀusion is considered solely in the NMC
macro-pores, a considerable increase can be observed in all three
directions, with values of 63.5, 17.4, and 64.9 in the x, y, and z
directions, respectively. This increase is due to the reduced
percolation of the porous channels when the CBD is considered
as a non-diﬀusive phase. These results indicate that a three-phase
scenario yields results that are considerably diﬀerent from
simpliﬁed two-phase models and the inﬂuence of a diﬀusive
Figure 4. (a) Grayscale image extracted from the carbon and binder data set. (b) Segmented image extracted from the carbon and binder data set. (c)
3D representation of the complete carbon and binder data set.
Figure 5. (a) Magniﬁed grayscale image extracted from the NMCmicro-CT data set. (b) Three-phase segmentation of the previous image. The white
phase is the active material, the gray phase is the carbon and binder, and the black phase the macro-scale electrode pores. (c) 3D volume representing
the subvolume used for transport simulations with the associated dimensions.
Figure 6. Graph representing the tortuosity factors calculated with
TauFactor in three directions for the NMC micro-CT data set for the
two-phase segmentation (black), ensemble three-phase scenario (red),
and two-phase macro-pores (green).
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CBDmust be taken into account. Further studies are required to
quantify how the processing parameters such as slurry drying
temperature can be related to the microstructural properties of
the electrode and its intrinsic electrochemical performance.
Additional information regarding the porous network of the
electrode was obtained by analyzing the results of the CPSD
calculation to obtain an overall pore size distribution for both
the CBD and the NMC pores.30,41 This analysis is based on
inscribing spheres of increasing diameter in the center of each
pore. This is calculated by plotting a distance map from the pore
walls; as the spheres grow, they ﬁll a certain volume which is
measured for each corresponding radius. This method allows
analyzing continuous porous networks rather than using an
equivalent spherical radius method that does not account for
unusual and nonspherical pore shapes. Because this calculation
outputs the pore volume, the CBD pore volume was inferior by
several factors to the pore volume calculated for the NMC
micro-CT data set due to the scale at which the data were
collected and the overall sample size. The CBD volume
contained in the NMC micro-CT data set was found to be ca.
36 times the volume of the analyzed nano-CT CBD subvolume.
To have two comparable pore volume magnitudes, the carbon
and binder nano-CT pore subvolume calculated via the CPSD
approach was multiplied by a factor of 36. This was assumed
valid based on the assumption that the nano-CT CBD data set
was representative of the porous network as a whole; hence, the
pore size distribution was assumed to be correct for the scaled
data set. This procedure allows representing both the CBD and
the NMC pore size distributions in a single graph as the
percentage of the total pore volume of the electrode as presented
Figure 7.
From Figure 7, the average pore radii of ca. 180 nm and 1 μm
are observed for the nano- and micro-CT data sets, respectively.
The nano-CT porosity contributes to ca. 40% of the total pore
volume whereas the remaining 60% of the pore volume is
contributed to by pores within the spatial resolution of the
micro-CT data. This indicates that both porosities are present in
almost equal measure within the electrode and as such are
thought to hold equal importance for the electrolyte inter-
penetration and diﬀusion purposes described previously.
Further quantiﬁcation can be achieved by analyzing the pore
throat equivalent radius distribution (Figure 8). Average
equivalent radii of 350 and 700 nm can be observed for the
nano-CT CBD and micro-CT NMC porous networks,
respectively. The relevance of pore throats can be explained
by examining their role in electrode wetting: electrolyte
transport in porous network is both aﬀected by the main pore
cavities and the throats that connect these, and through this
study, the size distributions across the two length scales can be
observed.42
It is worth noting that the morphologies obtained in these
electrodes and the results herein derived are speciﬁc to this
electrode and are a direct consequence of the preparation
techniques used, but the method described is widely applicable
to a range of electrode chemistries and microstructures.
3. CONCLUSION
The correct characterization of the CBD is fundamental to fully
understand transport phenomena within battery electrodes. To
this end, we have devised a technique to directly image a carbon
and binder layer with a combination of nano-CT and FIB-SEM.
The nano-CT data set was used to provide a representative
carbon and binder volume containing a characteristic porous
network, whereas the FIB-SEM data were used to determine the
porosity of the CBD and its morphology with regard to the
overall electrode structure. This multimodal imaging approach,
along with the expected porosity from mass calculations, was
used to build a workﬂow which we believe enables a more
Figure 7. Continuous pore size distribution representing the pore
radius versus the corresponding percentage of pore volume. Median
pore radii of 180 nm and 1 μm can be observed for the nano- andmicro-
CT, respectively.
Figure 8. Pore throat equivalent radius distribution calculated for the
nano-CT CBD and micro-CT NMC pores. Two distinct average pore
throat sizes can be observed for the nano-CT and micro-CT data sets
with values of ca. 350 and 700 nm, respectively.
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rational approach to threshold segmentation of three phase
materials that are diﬃcult to image. The eﬀective diﬀusivity
values calculated at the nano-scale were integrated into the larger
NMC micro-CT data set which allowed the calculation of its
multi-length scale ensemble tortuosity factor.
A comparison between the tortuosity factor calculated when
considering or omitting the CBD in a 3D NMC electrode
framework, pointed to a large increase in the tortuosity factor
when the CBD is considered. A comparison was also drawn with
a simpliﬁed two-phase scenario, where diﬀusion is only
considered in the NMC macro-pores, yielding a considerably
higher tortuosity factor. Furthermore, the results indicate that
the arrangement of the connective porous network, made by the
combination of larger macro-scale electrode pores and ﬁner
nano-scale CBD pores, is of utmost importance. These porous
domains were also characterized via a CPSD approach that
highlighted the pore sizes and how considerable amounts of the
CBD andNMCpores are present in the electrode indicating that
neither should be omitted. A size distribution for pore throats
was also calculated, emphasizing the potential of this technique
in analyzing microstructural properties of electrodes across
diﬀerent relevant length scales.
Improvements in this technique could be obtained with
higher resolution lab-based nano-CT imaging, which has the
potential to resolve smaller pores. However, in order to obtain a
high-quality data set, it is necessary to tailor the sample to ﬁt
within the 16 μm ﬁeld-of-view. While the morphology of the
CBD and electrode macro-pores may signiﬁcantly change
according to manufacturing technique, the approach presented
in this work could be applied to a range of diﬀerently prepared
materials.
4. METHODS
Electrode and CBD Preparation. In order to eﬀectively
characterize the inﬂuence of the CBD layer, two samples have been
prepared: a functioning NMC electrode and a stand-alone CBD layer.
TheCBD layer was prepared by homogenizing conductive carbon black
(Timcal Super C65, Imerys, Switzerland) and poly(vinylidene ﬂuoride)
binder (PVDF) (Arkema, France) in a 50:50 weight ratio.N-Methyl-2-
pyrrolidinone (NMP; anhydrous, Sigma-Aldrich) was used as a solvent,
and the slurry was then spread onto aluminum foil with a doctor blade
with a 250 μmblade gap and dried in a vacuum oven overnight at 80 °C.
The NMC electrode utilized was prepared as described in a previous
publication.43 The mass ratios utilized for this electrode were 90:5:5 for
NMC111 (Targray, Canada), conductive carbon black (TimicalSuper
C65), and PVDF. These were homogenized using a dual asymmetric
centrifuge system (SpeedMixer DAC 150.1 FVZ-K, Hauschild,
Germany) and NMP as a solvent. The slurry was cast onto an
aluminum foil and dried overnight at 80 °C.
X-ray nano-CT. The stand-alone CBD layer was micromachined
into a micro-scale pillar: a 1 mm electrode disk was cut out with the aid
of a biopsy punch, which was then glued onto a 1 mm pin using a two-
part epoxy. This was then successively milled down with a laser
micromachining instrument (A Series/Compact Laser Micromachin-
ing System, Oxford Lasers) to a ca. 100 μm diameter pillar. Further
details about sample preparation can be found elsewhere.44
The samples were scanned using a lab nano-CT instrument (Xradia
Ultra 810, Carl Zeiss Inc.) utilizing a microfocus rotating anode X-ray
source (MicroMax-007HF, Rigaku) with the tube voltage set at 35 kV
and current at 25 mA, in X-ray Zernike phase contrast mode.45 In large
ﬁeld-of-viewmode with no pixel binning the resultant eﬀective pixel size
of ca. 63 nm was achieved across a ﬁeld-of-view of 65 μm. The exposure
time was set to 45 s, and 1601 projections were taken. The radiographs
were reconstructed in a 3D volume using a ﬁltered back-projection
algorithm implemented in the commercially available Zeiss XMRe-
constructor (Carl Zeiss Inc.).
X-ray micro-CT. A small triangle was cut from the full NMC
electrode and characterized with a lab-based micro-CT instrument
(Xradia Versa 520, Carl Zeiss Inc.), with an 80 kV tube voltage and 40×
optical magniﬁcation. Using no pixel binning, the resultant eﬀective
pixel size of 237 nm was achieved across a ﬁeld-of-view of ca. 400 μm.
3201 projections were captured with 60 s exposure time per projection.
The radiographs were reconstructed in a 3D volume using a ﬁltered
back-projection algorithm (FDK46) implemented in the commercially
available Zeiss XMReconstructor (Carl Zeiss Inc.).
FIB-SEM Imaging. FIB-SEM analysis was carried out on a ZEISS
Crossbeam 340. A focused Ga+ ion beam was used to mill trenches into
the electrode surface: a Pt protective layer was deposited locally using
the single needle gas injection system (GIS); subsequently a series of
threemilling steps using FIB currents of 30, 7, and 3 nAwere carried out
to provide a polished cross-section for SEM imaging. SEM images were
recorded with 3072 × 2304 pixels at 1 keV electron beam energy using
the secondary electron (SE) detector as well as the in-lens backscatter
electron (BSE) detector.
Image Visualization, Segmentation, and Analysis. Image
visualization and segmentation were performed on the reconstructed
data sets with Avizo (Visualization Sciences Group, FEI Co.) and
MATLAB. For the nano-CT CBD data, a subsection completely
internal to the CBD electrode of 265 × 645 × 618 voxels was selected,
corresponding to a volume of ca. 16.7 × 40.6 × 38.9 μm3 (ca.3 × 10−5
mm3). A range of threshold values were then used for segmentation by
using a custom MATLAB script. TauFactor35 was then used to
determine the tortuosity factor and the eﬀective diﬀusivity of the porous
network within the CBD, and the CPSD was calculated using the Beat
plugin in ImageJ.41 The FIB-SEM images of the full NMC electrode
were extracted with ImageJ and thresholded in Avizo, where the
porosity was also calculated.
From the micro-CT NMC data set, a subvolume of 801 × 147 ×
1804 voxels corresponding to a volume of ca. 190.2× 34.9 × 428.5 μm3
(ca. 3 × 10−3 mm3) was extracted. The segmentation was carried out in
Avizo using thresholding. A series of erosion and dilation operations
were sequentially used to eliminate any interfacial artifacts between the
particle and pore phases caused by the partial volume eﬀect. The
tortuosity factor was again calculated with TauFactor, and the CPSD
was calculated in ImageJ.35,41 A representative volume element analysis
was carried out in TauFactor for both nano- and micro-CT data sets for
the porosity and tortuosity factors to ensure that the volumes are
representative. The pore throat distribution was obtained by running
the XPoreNetworkModeling extension in Avizo on both the nano- and
micro-CT data sets. The resulting radii below the pixel resolution for
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